The solid wastes fly ash and aluminum dross were used to prepare the low cost, high added-value product spinel-corundumSialon with an in situ aluminothermic reduction-nitridation reaction. The effects of varying raw material components and heating temperatures on the phase compositions, microstructure, bulk density, apparent porosity, and bending strength of products were investigated. The presence of hazardous or impure elements in the products was also evaluated. The sintered materials mainly consisted of micro-/nanosized plate corundum, octahedral spinel, and hexagonal columnar -Sialon. The bulk density and bending strength of product samples initially increased and then decreased as Al content increased. Product samples with an Al content exceeding 10 mass% that were sintered at 1450 ∘ C exhibited the highest bending strength (288 MPa), the lowest apparent porosity (1.24%), and extremely low linear shrinkage (0.67%). The main impurity present was Fe 5 Si 3 with hazardous elements P, Cr, Mn, and Ni doping. This work could provide a new method to reduce environmental pollution and manufacture low cost high performance refractory materials using the abundant waste materials fly ash and aluminum dross.
Introduction
The recycling of industrial solid wastes is gaining importance as the need for environmental protection increases. Fly ash is a product of the high temperature combustion of coal at fired power stations. It is captured from the exhaust of the boiler [1, 2] . Most fly ashes are primarily composed of aluminosilicates with a small amount of impurity elements, such as Fe, Ca, Mg, Na, K, and S [3] , as well as a trace amount of toxic heavy metal elements, including Pb, Zn, Hg, Cd, Ni, and Cr [4] . Aluminum dross is a residual waste material formed on the surface of molten Al in the furnace during primary and secondary Al fusion. Apart from aluminum metal, aluminum dross normally contains other compounds (e.g., Al 2 O 3 , MgO, AlN, NaCl, and KCl) and impure or noxious elements (e.g., Fe, Ca, Ti, Cr, P, Cu, and Mn) [5, 6] . Worldwide, coal-fired power stations annually produce approximately 600 million tons of fly ash [7] and the aluminum industry over 4.5 million tons of aluminum dross [6] . The majority of fly ash and aluminum dross are disposed of in landfills, resulting in leaching of toxic metal ions into soils, surface water, and even groundwater [8, 9] .
Fly ash and aluminum dross are utilized as recycled materials in engineering and agriculture in order to reduce the environmental burden and enhance the economic benefit. They are used in industry as a raw material to prepare nonaerated concrete, concrete bricks, and filler in asphalt. In agriculture, they are employed to produce soil amendments, fertilizer, cattle feeders, and agricultural pipes [10] [11] [12] . However, the dominant waste management option employs direct land filling, especially in China. It is necessary and urgent to increase the use of fly ash and aluminum dross in high valueadded products with an easy, effective, and economically affordable method.
Up to now, many valuable products have been synthesized using fly ash or aluminum dross, including mullite [13] , cordierite [14] , zeolite [15] , and (Mg, Si)Al 2 O 4 [5] . -Sialon (Si 6-z Al z O z N 8-z with 0 < ≤ 4.2) is the solid solution formed by equivalent substitution of Si and N in -Si 3 N 4 by Al and O, respectively [16] . Sialon-based materials have excellent mechanical, chemical, and thermal properties and are used as high temperature engineering materials, cutting tools, and abrasive materials [17, 18] . Their application, however, has always been limited by the high cost of high purity raw materials. To overcome this drawback, many researches were devoted to synthesize Sialon using low cost sources of aluminosilicates, including clay [19] , zeolite [20] , and slag [21] , as well as fly ash [22] and aluminum dross [23] via the carbothermal reduction and nitridation (CRN) method. The CRN method, however, has many disadvantages. It is difficult to precisely regulate the phase compositions of the product, due to variations in the partial pressure of the formed gas CO. The shape and dimension of the product are hard to control due to the large linear shrinkage. The product is very fragile and the strength is very low. The CRN method is associated with the emission of the toxic gas CO and the greenhouse gas CO 2 . Aluminum dross contains a large amount of metallic Al, which can be used as a reducing agent. Herein, we advance the concept of the collaborative use of waste resources. Since fly ash contains highly reactive SiO 2 and Al 2 O 3 and aluminum dross contains Al 2 O 3 , AlN, and MgO, it is possible to design and tailor the spinel-corundum-Sialon composite refractories only using fly ash and aluminum dross as raw materials without introducing carbon. The spinel could be synthesized via the solid-state reaction of MgO and Al 2 O 3 and Sialon by in situ aluminothermic reduction-nitridation (ARN) reaction of SiO 2 , Al 2 O 3 , and AlN in a nitrogen atmosphere at high temperature. To date, there has been little study of the hazardous or impure elements in the final products although impurity is an important obstacle for the utilization of industrial wastes.
The purpose of the study was to efficiently utilize the solid wastes fly ash and aluminum dross in the preparation of highly value-added spinel-corundum-Sialon composites. The manufacturing process was optimized by investigating the phase composition, microstructure, physicomechanical properties, and the presence of hazardous or impure elements in the final product. The spinel-corundum-Sialon composite product can be used as structural refractory materials. It is a very low cost and environmentally friendly method for manufacturing high performance refractories products from waste materials.
Materials and Methods
The fly ash used in this work was provided by the Shuozhou Electric Power Development Co., Ltd. in Shanxi Province, China. The aluminum dross was obtained from the aluminum recycling company, Shanghai Sigma Metals Inc. The chemical composition of fly ash and aluminum dross was determined using X-ray fluorescence (XRF, Magix PW2403, Panalytical, Holland) ( Table 1 ). The main crystalline phase of fly ash was mullite. Some amorphous glass phase was also present. The aluminum dross consisted of Al, Al 2 O 3 , AlN, quartz, NaCl, KCl, and a small amount of glass phase. The particle size of the fly ash and aluminum dross was less than 74 m. The principle of stoichiometric ingredient is that according to the contents of the metallic Al in aluminum dross, SiO 2 in fly ash and aluminum dross is reduced by the metallic Al and totally transformed to Si 3 N 4 , which subsequently reacted with Al 2 O 3 and AlN to form Sialon. Herein, this work performed the stoichiometric composition of 41.23 mass% fly ash (FA) and 58.77 mass% aluminum dross (AD), and other series with exceeding 10 mass% (38.94 mass% FA, 61.06 mass% AD), 50 mass% (31.87 mass% FA, 68.13 mass% AD), and 100 mass% (25.97 mass% FA, 74.03 mass% AD) of the metallic Al in the aluminum dross were also investigated.
Fly ash and aluminum dross powders were ball-milled together for 2 h and passed through a 200-mesh sieve. The mixture was pressed into compact bars (45 mm × 6 mm × 6 mm) with 8 wt.% polyvinyl alcohol (PVA) under a pressure of 50 MPa for 30 s. The green bodies were compressed using an isostatic pressure of 200 MPa for 60 s. The bars were dried at 80 ∘ C for 6 h in a drying oven and then placed in a graphite crucible and heated in flow nitrogen (purity 99.99%) in a graphite furnace at 1350, 1450, and 1550 ∘ C for 3 h, respectively. The corresponding raw material powders were chosen as the packing powders in order to prevent deformation of the product bars. All the samples were cooled down naturally.
The crystalline phases were examined via X-ray diffractometer (XRD, XD-3, China), using Cu K 1 radiation ( = 1.5406Å) with a step of 0.02 ∘ (2 ) and a scanning rate of
Semiquantitative analysis of the crystalline phase content was based on calibration curves determined from the relative intensity of the diffraction peaks of (311) spinel, (113) Al 2 O 3 , and (020) -Sialon [24, 25] . The shrinkage percent in the width direction of the sintered samples was measured using a vernier caliper. The bulk density and apparent porosity were measured in water using a conventional method, according to Archimedes' principle. The bending strength was determined using a conventional three-point bending method. The microstructure and morphology of products were observed using a scanning electron microscope (SEM, JSM-6460, Japan, XL30 ESEM-TMP) equipped with an energy dispersive spectroscopy detector (EDS, Philips-FEI) and a high-resolution transmission electron microscope (HRTEM, JEOL JEM-2100, Phillips) with EDS (Oxford INCA). Product samples were held with a copper grid and coated with carbon to improve the electrical conductivity prior to TEM observation.
Results

Characterization of Phase Assemblages and Product Microstructures.
The crystalline phases of the product samples sintered at different temperatures were determined with XRD. They were mainly comprised of the same kinds of phase assemblages, that is, corundum, spinel, and Sialon, along with some minor phases such as TiN and Fe 5 Si 3 . The typical pattern of samples sintered at 1450 ∘ C with various exceeding metallic Al is shown in Figure 1(a) . The phase content of products sintered at different temperatures was calculated and plotted in Figures 1(b)-1(d) . At 1350 ∘ C (Figure 1(b) ),
with a stoichiometric addition of Al, the final products were mainly corundum (69.5 mass%) with a small amount of spinel (MgAl 2 O 4 , 13.5 mass%) and Sialon (Si 3 Al 3 O 3 N 5 , 8.7 mass%). As the amount of Al was increased, the amount of spinel and -Sialon increased and corundum dramatically decreased. At 1450 ∘ C (Figure 1(c) ), the products from a stoichiometric feed ratio of Al consisted of 45.1 mass% corundum, 22.7 mass% spinel, and 21.6 mass% Sialon. As the amount of Al was increased, the trend of phase content was similar to that at 1350 ∘ C. At 1550 ∘ C (Figure 1(d) ), an Al-rich spinel was obtained in the products (XRD not shown here) and its amount increased as Al content increased. There was a yield of 52.7 mass% Al-rich spinel and 11.2 mass% corundum in the product with the exceeding 100 mass% Al. Herein, XRD analysis defined formula for spinel as Mg 0.388 Al 2.408 O 4 . The -value of -Sialon increased from 3 to 4. The microstructure of product samples was recorded using SEM (JSM-6460, Japan). Typical images of product sintered at 1450 ∘ C are shown in Figure 2 . The sample with a stoichiometric amount of Al consisted of a large quantity of glassy phase with a certain amount of porosity, which provided sufficient space to grow plate corundum. Spinel and -Sialon phases were not seen. As Al content exceeded 10 mass%, the porosity decreased and the product was well sintered. With higher Al content, the plate Al 2 O 3 and other crystal grains became apparent, the number of small micropores increased, and the amount of glassy phase (mainly consisting of Al, Si, and O) decreased (further TEM and EDS evidences on this will be given below). The decreased amount of the glass phase in the product was due to the reduction of SiO 2 in the starting composition of the sample. The morphology of the crystalline phases was further observed by SEM (XL30 ESEM-TMP) (Figure 3 ). The micrographs visualized many randomly dispersed plate corundum grains of about 5-10 m diameter, some octahedral spinel crystals of 3-5 m diameter, and columnar -Sialon crystals with typical widths of 0.8-1.2 m and aspect ratios of 3-6 (Figure 3(a) ). Occasionally, some Al 2 O 3 grains were observed with a steplike fracture (Figure 3(c) ). The impurities in the starting materials, Fe, Cu, Mn, and Cr, were alloyed into spherical particles (Figure 4 (c)) which were apparent by their bright contrast (see more details in the TEM images and EDS patterns later). Prismatic -Sialon crystals were well crystallized and intensively distributed in some regions of the sample, and a few grew in an epitaxial direction on the plate corundum (Figure 3(e) ). EDS analysis (Figure 3(f) ) demonstrated both Ca and Mg in -Sialon. It is believed that -Sialon has the capacity to incorporate a variety of metallic ions into its interstices, making multiphase materials with much lower glass content.
The morphology and microstructure of the products were further characterized by TEM and HRTEM (Figure 4 ). Microsized spinel, Al 2 O 3 , and -Sialon grains were observed by SEM. Contiguous nanosized grains in the glassy matrix were visualized with TEM (Figures 4(a) and 4(b) ). Typical TEM images, HRTEM images, and the selected area electron diffraction (SAED) pattern of -Sialon nanograins are displayed in Figures 4(c), 4(d) , and 4(e). The EDX pattern was compatible with a -Sialon nanograin consisting of Si, Al, O and N, with a small amount of Mg and Ca (Figure 4(f) ). HRTEM lattice fringe image (Figure 4(d) ) revealed -Sialon nanograins with a hexagonal structure. The measured spacings of 0.67 nm and 0.38 nm corresponded well to the (0110) and (1120) planes of -Sialon.
The Physicomechanical Properties of Spinel-CorundumSialon Composite Materials.
The apparent porosity and bulk density of product samples as a function of the exceeding Al content are shown in Figure 5 . The bulk density initially increased and then decreased as Al content increased. The opposite trend was observed for the apparent porosity. The highest bulk density of product sample, 3.15 g⋅cm −1 , was seen with the exceeding 10 mass% Al content at 1450 ∘ C. Therefore, the appropriately exceeding Al contributed to the increased density of the sample. As expected, an increase in temperature was associated with an increase in bulk density. The apparent porosity decreased and the bulk density increased as sintering temperatures increased from 1350 ∘ C to 1550 ∘ C. The diffusion coefficient was related to temperature according to the formula = 0 exp(− / ) [26] . At low temperatures, surface diffusion governed the sintering process while body diffusion dominated it at high temperatures. However, the densification of final products only depended on body diffusion. Temperature was the primary factor affecting final product density. The amount of spinel and Sialon increased with the Al increasing (Figures 1(b)-1(d) ). The porosity also increased distinctly with the increase of Al (Figure 5(a) ). This increase in Al could be attributed to the increased use of aluminum dross (or less fly ash) in the raw materials and resulted in a decrease in the glass phase consisting of Si, Al, and O (Figure 2 ). This revealed that the appropriate liquid phase promoted the sintering process as well as densification at high firing temperatures.
The plot of bending strength versus the amount of the exceeding Al at different sintering temperatures is illustrated in Figure 6 . The bending strength initially increased and subsequently decreased as Al content increased, at temperatures from 1350 to 1550 ∘ C. The highest bending strength (288 MPa) was achieved in product with the exceeding 10 mass% Al sintered at 1450 ∘ C. The product sintered at 1450 ∘ C had high bending strength and extremely low linear shrinkage (0.67%). The inset in Figure 6 was associated with the same shrinkage rate during heating. Hence, the in situ aluminothermic reduction-nitridation of fly ash and aluminum dross with appropriate packing powders resulted in spinel-corundum-Sialon composite materials that maintained their shape during processing. show that some aggregate impurities (shiny spheres) were embedded in the products. Their structures were further characterized by TEM, SAED, and EDS ( Figure 7 ). Impurities were clearly seen as particles with a different (brighter) contrast. The TEM image, SAED images, and EDS patterns demonstrated that the impurities contained 35.20 at.% Si and 56.76 at.% Fe and that the crystalline phase was Fe 5 Si 3 , a hard alloy. The EDS pattern identified trace elements (P, Cr, Mn, and Ni) in the Fe 5 Si 3 particle. The effect these aggregates had on the spinelAl 2 O 3 -Sialon composites properties was examined. Cracks were seen along the grain boundary of impurity-rich Fe 5 Si 3 spheres (TEM image, Figure 7(b) ). These cracks could absorb fracture energy, resulting in improved fracture strength and toughness of the spinel-Al 2 O 3 -Sialon composites.
Analysis of Hazardous
Chemical and foregoing EDS analysis did not identify the trace element Ti. The product samples were carefully examined with TEM and the column-like nanograins characteristics of Ti and N were found (Figures 7(c) and 7(f) ). XRD (Figure 1(a) ), SAED, and EDS patterns (Figures 7(c) and 7(f) ) revealed these nanograins to be TiN crystals.
Discussion
Using only the solid wastes of fly ash and aluminum dross as raw materials and a facile in situ aluminothermic 
(c) reduction-nitridation method, we prepared valuable spinelcorundum-Sialon composite materials, confirmed by XRD results (Figure 1(a) ), along with EDS ( Figure 3 ). The metallic Al in the aluminum dross enhanced the formation of spinel and Sialon at low temperatures. This finding was confirmed by the phase content analysis of the products sintered at different temperatures (Figures 1(b)-1(d) ). The amount of spinel was increased due to the increase of MgO and Al 2 O 3 , while for Sialon it was produced due to the increased Al content. The aluminothermic reduction-nitridation reaction was exothermic [27] , and the increased Al content resulted in the resultant increase in temperature. This increase in temperature also facilitated the formation of Sialon. Increasing the reaction temperature increased the production of spinel and Sialon and formed Al-rich spinel with a higher -value Sialon. SEM (Figures 2 and 3 ) and TEM ( Figure 4 ) images revealed that spinel-corundum-Sialon composite materials were composed of not only microsized, but also nanosized spinel, Al 2 O 3 , and -Sialon grains. The in situ grown nanograins would increase the fracture strength of theSialon multiphase materials. In addition, as a hard and wearresistive material [28, 29] , TiN, the content of which basically had no variation in the product samples, can serve to improve the strength and wear resistance of the spinel-Al 2 O 3 -Sialon composites.
Only two nitrides, Sialon and TiN, were produced during the aluminothermic reduction-nitridation reaction. Their possible reaction mechanisms are proposed below, along with the underlying thermodynamic calculations [30] :
Δ 4 = −83.887 + 0.018 .
Mullite is a crystalline phase found in the fly ash. Its decomposition reaction and Gibbs free energy (Δ ) are
When the temperature was higher than 494.0 K, Δ 5 was greater than 0, and mullite did not easily decompose to Al 2 O 3 and SiO 2 . The mullite reacted directly with Al and N 2 to form Sialon as (1) through (13) . Under the experimental conditions of this study, all the above reaction equations could occur except (9) .
The formation of TiN could be explained by reaction (13) through the aluminothermic reduction-nitridation process:
High purity nitrogen gas (≥99.999%) at a pressure of 0.1 MPa was used during synthesis. The pressure of N 2 was N 2 / ≈ 1. The Gibbs free energy of reaction (Δ ) for (1) through (13) at different temperatures ( ) was calculated ( Figure 8 ). Under the experimental conditions of this study, all the above reactions could occur except (9) . The reaction pathway for the formation of Sialon could be through route 1, that is, ((1) + (3) + (5) + (7)), and/or route 2, that is, (11) . TheSialon product was surrounded by glassy phase (Figure 4(c) ), and its formation might occur in a liquid phase via solutiondiffusion-nucleation-reprecipitation, as previously reported by Cai et al. [31] .
The bending strength of the spinel-corundum-Sialon composite materials was dependent on the composition of the raw materials and the testing temperature. These two factors had a remarkable effect on the content of the liquid phase, microstructure, apparent porosity, and bending strength of the products. The relationship between the bending strength and apparent porosity of the spinel-corundum-Sialon composites was absolutely in agreement with the exponential equation of the strength-porosity dependence [32] , = 0 exp(− ), where the mechanical strength of inorganic nonmetallic materials usually decreases with an increase in porosity. An interesting result of this study was that the highest bending strength (288 MPa) of the spinel-corundumSialon composites was achieved at the exceeding 10 mass% Al after being sintered at 1450 ∘ C rather than 1550 ∘ C. This may be attributed to more liquid phase formed at the lower temperature, which resulted in a larger amount of spinel and Sialon (Figures 1(c) and 1(d) ). Although the liquid phase itself did not enhance the mechanical strength of the products, it did facilitate bulk sintering [27] . These findings suggest that the mechanical properties depend on a combination of the sintering temperature and amount of liquid phase.
Most of the hazardous or impure elements found in the fly ash and aluminum dross were found in the products. A few impurities such as NaCl and KCl from aluminum dross and Na 2 O and K 2 O from fly ash were not present in the products. The boiling point of these salts is about 1450 ∘ C and the sublimation point of these oxides is less than 1300 ∘ C [33] , so these impurities would evaporate during sintering. The volatiles that leave the reaction furnace during sintering can be collected in order to minimize environmental pollution.
Conclusions
Low cost spinel-corundum-Sialon composite materials were prepared from fly ash and aluminum dross by in situ aluminothermic reduction-nitridation (ARN) at relatively low sintering temperatures. The product composites mainly consisted of micro-/nanosized plate corundum, octahedral spinel, and hexagonal columnar -Sialon. As Al content increased (i.e., use of the aluminum dross), the bending strength and bulk density of sintered products initially increased and subsequently decreased. The apparent porosity exhibited an opposite trend. Samples with an exceeding 10 mass% Al (i.e., 38.94 mass% fly ash, 61.06 mass% aluminum dross) that were sintered at 1450 ∘ C exhibited the highest bending strength of 288 MPa and bulk density (3.15 g⋅cm −1 ) and owned extremely low linear shrinkage (0.67%). The presence of hazardous or impure elements was also investigated. The main impurity phase was Fe 5 Si 3 containing P, Cr, Mn, and Ni. Ca element was mostly incorporated into -Sialon and less so into the glassy phase. Ti element was converted into TiN, which can improve the strength and wear resistance of the produced spinel-Al 2 O 3 -Sialon composites. This research may provide a new environmentally friendly approach to use the vast waste resources of fly ash and aluminum dross to produce low cost structural refractories.
